The diagnostic technique of laser induced fluorescence (LIF), generalized to the case of oblique laser injection angle relative to the local magnetic field direction, is employed for studies of the ion velocity distribution function (IVDF) in the magnetic expansion region of a helicon plasma source. One-dimensional LIF measurements reveal key characteristics of the acceleration mechanism responsible for creation of an ion beam in the expansion regions: a bimodal IVDF comprising a slowly drifting (∼150 m s −1 ) ion population and a fast ion beam (∼10.7 km s −1 ). Two-dimensional LIF, LIF tomography, provides additional insight regarding the origins of the two ion populations: the nearly isotropic slow population is a locally created background population whereas the distorted velocity distribution of the fast population is consistent with an origin upstream of the measurement location.
Introduction
Since the original experiments more than three decades ago [1, 2] , laser induced fluorescence (LIF) has become a powerful tool for plasma diagnosis; mainly due to its non-perturbative nature and high spatial resolution. Because the probing laser linewidth is much smaller than the particle absorption linewidth, LIF can provide high resolution measurements of particle (ions, atoms, radicals, molecules) velocity distribution functions (VDFs) and temperatures. Since LIF probes particular quantum states, LIF can also provide measurements of ambient electric and magnetic fields in plasmas [3] [4] [5] [6] . LIF schemes are available for a variety of plasma species [7] [8] [9] ; two-photon absorption, optical-optical double resonance spectroscopy and four wave mixing approaches are available for direct probes of the ground state of many species [10] [11] [12] [13] ; planar LIF can provide two-dimensional (2D) measurements of plasma density [14] [15] [16] ; LIF tomography can provide twodimension velocity space measurements [17] [18] [19] and multiple approaches to time-resolved LIF yield temporal resolutions from milliseconds to microseconds [20] [21] [22] [23] .
However, development of techniques for the analysis of LIF data obtained by laser injection at oblique angles relative to the direction of flow or to the magnetic field in magnetized 3 Author to whom any correspondence should be addressed.
plasmas is limited [17, [24] [25] [26] [27] [28] [29] . Historically, researchers have gone to considerable effort to ensure that the laser light is injected either perfectly parallel or perfectly perpendicular to the ambient magnetic field [30, 31] ; even when optical access is severely limited [32] . In this work, we describe the analysis of LIF data obtained during oblique injection of the probe laser relative to the background magnetic field of a linear system. The analysis method is applied to one-and twodimensional velocity space studies of a bimodal argon ion velocity distribution function (IVDF) obtained in the expansion region of a helicon plasma source.
Theory

One-dimensional LIF
A velocity resolved LIF measurement is accomplished by optically pumping a Doppler broadened absorption line of a distribution of particles (ions, atoms, radicals, molecules) with a narrow bandwidth, tunable laser [33] . The intensity of fluorescence radiation arising from the spontaneous decay of the upper state as a function of laser frequency is a direct measure of the particle velocity distribution (VDF) along the direction of laser propagation, k L . Of the other broadening processes, e.g. Zeeman splitting, Stark broadening and pressure broadening, etc, only Zeeman splitting is significant for the experiments reported in this work.
For laser injection along a direction of interest, interpretation of the LIF measurement is straightforward. For example, when the laser is injected along the x axis (see figure 1(a)) the measured VDF is an average f (v x ) = f (v x , v y , v z ) dv y dv z over the velocities in the two directions orthogonal to k L . The average particle ensemble drift velocity, V x , and temperature are found from fits to or numerical integration of the experimentally determined f (v x ). Assuming Doppler broadening dominates over the other linebroadening mechanisms, the full width at half maximum (FWHM) of the absorption line is related to the species temperature through
where m is the particle mass, ( v x ) 1/2 the FWHM of the velocity distribution and k B is Boltzmann's constant. For Ar II LIF, equation (1) reduces to T i (eV) = 7.5 × 10 −2 ( v) 2 1/2 , for v in units of km s −1 . For an arbitrary laser injection angle, i.e. when the laser is injected at an angle α relative to the z-axis and an angle β relative to the x-axis (see figure 1(b) ), the measured VDF is given by
where v αβ is the velocity along k L and δ() is the Dirac delta function. The range over which the integration yields a nonzero contribution to the measured VDF is determined by the resonance condition
where λ, ω L /2π and ω 0 /2π are the wavelength of the absorption transition in the rest frame, the detuning of the laser frequency from the Doppler shifted line center and the absorption linewidth, respectively. Since f (v αβ , α, β) is a convolution of f (v x ), f (v y ) and f (v z ), determination of the average velocity components and temperatures is more difficult. However, for the cylindrically symmetric geometry often encountered in laboratory plasmas, the problem simplifies. For laser injection k L in the (y, z) plane at an angle α relative to the z-axis, as shown in figure 1(c), equation (2) reduces to
With a second VDF measurement, preferably along x or y to directly measure f (v x ) or f (v y ), and cylindrical symmetry
can then be obtained from the measurement of f (v α , α) because any Gaussian broadened profile of a particle distribution will remain Gaussian for any injection angle [25] .
Inserting the cylindrically symmetric, anisotropic, bi-Maxwellian distribution [34] ,
into equation (4), with u r,z the random velocities (equal with
The magnetic field is assumed to be along the z-axis and the radial direction is perpendicular to the magnetic field in equation (5) . Taking the second moment of the distribution yields (see appendix A)
Thus, combined oblique and radial laser injection is sufficient to determine the axial and radial ion velocities and ion temperatures.
LIF tomography
The same analysis can be extended to the 2D LIF tomography technique developed by McWilliams and co-workers [24] . For laser injection at an angle β relative to the x-axis (see figure 1(b) ), the one-dimensional (1D) projection of the velocity distribution along the laser propagation direction (k L ) becomes
with the range of integration as given in equation (3 GHz. This linewidth is much smaller than the 1 GHz wide Doppler broadened velocity distribution for room temperature argon ions and therefore the integration limits in equation (7) can be extended to ±∞ without introducing any significant error into the determination of the VDF.
With integration limits of ±∞, a collection of 1D projections obtained at different injection angles β in the plane (α, x) is mathematically identical to a continuous 2D Radon transform; the mathematical basis for medical tomography [37] . With multiple 1D measurements, the complete 2D VDF is obtained by inverting the 2D Radon transform with a filtered back-projection method. To reduce blur in the reconstructed 2D VDF, each projection is first convolved with a filter function ϕ(v) [26] 
Although the order of the filter function can be as high as the Nyquist limit (the highest velocity space Fourier harmonic resolvable given the number of 1D slices), a high order filter also increases the noise in the reconstructed 2D VDF. Thus, the highest possible order filter function is not typically used. The 1D Fourier transform of the projection function (v β , β) with respect to v β is equal to the central slice at angle β of the two-dimensional Fourier transform of f (v α , v x ) [38] . Thus, the 2D inverse Fourier transform provides a twodimensional velocity space slice, the (v α , v x ) plane, of the 3D VDF.
where F(ṽ β , β) is the Fourier transform of the filter function convolved projection ,ṽ β is the conjugate variable to v β , and j = √ −1. Note that to obtain the full 2D VDF, only an angular coverage of π radians is required, i.e. projections in opposite directions provide the same information. Thus, laser injection directions with an internal probe can be chosen so as not to block the plasma flow. Since real data consist of a finite number of laser injections (I ) with uniform sampling β such that I β = π , equation (9) is approximated with a discrete series
The full 3D VDF could be obtained with the three-dimensional Radon transform [39] if a second plane of projections were available (the (y, z) plane in the geometry of figure 1(b)). However, given the difficulty of representing and interpreting four-dimensional maps, the 3D method is of less interest for VDF analysis. 
Experimental apparatus
The helicon source, the Hot hELIcon eXperiment (HELIX), used for these experiments is connected to a large diffusion chamber LEIA (large experiment for instabilities and anisotropy) (see figure 2 ). The source chamber is a Pyrex tube (60 cm in length, 10 cm in diameter) coaxially mated to a stainless steel tube (90 cm in length, 15 cm in diameter). The tubes are surrounded by 10 water cooled solenoids that provide up to 1.2 kG of uniform axial magnetic field. Atype matching network and a close fitting, half wave, m = +1, 19 cm long, helical antenna mounted on the Pyrex tube 37 cm from the gas inlet couples the rf power into the plasma. Rf power up to 2 kW over a 6-18 MHz frequency range is supplied by an ENI 2000 amplifier fed by a Wavetek model-80 function generator. For argon plasmas, the 'blue core' helicon mode is obtained for magnetic fields between 0.6 and 1 kG for which the corresponding lower hybrid frequency ω LH ∼ = √ ω ce ω ci (ω ce,i = eB/m e,i -the electron-and ioncyclotron frequencies, respectively; e is the elementary charge, B the magnetic field and m e,i the particle masses) is 6-10 MHz. The source plasma expands into the LEIA diffusion chamber (450 cm in length, 200 cm in diameter). Seven, 300 cm diameter, water cooled, solenoids provide up to 150 G of magnetic field along the LEIA axis. For a typical operational mode of approximately 800 G in HELIX and 50 G in LEIA, there is an axial magnetic field gradient of approximately 10 G cm −1 in the region of the HELIX-LEIA junction. The maximum field gradient is located a few centimeters inside the HELIX chamber. The working gas is introduced at one end of the source and is evacuated by two 1600 l s −1 turbomolecular pumps at the other end of the expansion chamber. Thus, there is a pressure gradient along the axis of the HELIX-LEIA system (for pressures of 1-20 mTorr in HELIX, the pressure at the end of LEIA is one order of magnitude lower). Gas flow and pressure are controlled with a MKS mass flow controller and monitored with two cold-cathode gages (calibrated with a Baratron gage) at each end of the system. Previous investigations have shown that for source pressures less than 2 mTorr, an ion accelerating electric field, most likely an electric double layer (EDL), spontaneously forms at the end of an expanding helicon source plasma [40] . For our helicon source-diffusion chamber (HELIX-LEIA) system and at a LEIA magnetic field of approximately 70 G, the double layer appears a few centimeters inside the source where the axial magnetic field gradient is maximum [41] . The EDL alters the downstream ion velocity distribution from unimodal to bimodal; consisting of a supersonic ion population superimposed on a nearly stationary background ion population.
Limited access in the LEIA chamber necessitated the development of an internal scanning probe, inserted from a single port and capable of spatially resolved, measurements throughout a horizontal (y, z) cross-section of the expansion region (see figure 2) . Details of the probe construction and operation are given elsewhere [42] . Briefly, the probe consists of LIF optics, an rf compensated cylindrical Langmuir probe and a 3D magnetic sense coil array (see figure 3 ) mounted on a 183 cm long shaft. Because parallel (to the magnetic field) laser injection occurs for only one orientation of the probe, the more general oblique LIF analysis technique described above was developed.
Motion along the y-axis (40 cm range) and the z-axis (100 cm range) are accomplished by two computer-driven VELMEX TM stepping motor assemblies that control the insertion depth of the probe and the tilt angle between the probe and the chamber axis. A third VELMEX TM stepping motor spins the probe shaft (and therefore the laser injection direction) around its axis for optical tomography. The LIF interrogated plasma volume (the intersection between the laser beam and the collection optics field of view) remains the same for all injection angles. Parallel IVDFs (along the z-axis) can be measured either 'actively', by injecting the laser from the probe head or 'passively', by injecting the laser parallel along the axis of the system (injection location P 2 in figure 2 The 250 mW output of the laser (a Coherent 899 ring dye laser employing rhodamine 6G dye and pumped with a 6 W argon ion laser) is split, with 10% passing through an iodine cell and the other 90% mechanically chopped and transported to the plasma source laboratory through a 200 µm core, fused silica, multimode fiber. The iodine cell fluorescence emission is recorded with a photodiode for each scan of the dye laser wavelength. The absorption spectrum of molecular iodine provides a means of measuring the absolute velocity of the argon ion and of compensating for any laser drift. After passing through the iodine cell, the laser light is coupled into a wavemeter for real-time wavelength monitoring.
The laser light in the fiber optic cable is coupled into the tomographic probe through a vacuum fiber-fiber feedthrough. The internal fiber is terminated with a 6 mm collimating lens to create a weakly divergent beam with a diameter of 2 mm that reflects from a plane mirror and passes 5 cm in front of the collection optics (see figure 3) . Alternatively, for 'passive' LIF, the laser light is coupled to a set of injection optics consisting of a 2.54 cm collimating lens and a Galilean telescope. In this configuration, the collimated injection beam has a diameter of 5 mm at the location of the internal probe collection optics. After losses at each optical element, approximately 40% of the laser power is injected into the plasma. The injected laser power density of ∼20 mW mm −2 ensures that the optical pumping is in a linear regime, i.e. the absorption line is not saturated [43, 44] .
The fluorescence radiation is collected at 90
• with respect to the laser beam by a collection optics assembly consisting of a collection lens followed by a focusing lens (2.54 cm in diameter, 10 and 5 cm focal length, respectively), and a multimode optic fiber cable. The chosen focal length is a compromise between avoiding perturbation of the plasma and optimizing the LIF signal amplitude. At 5 cm away, the ion flow is not perturbed by the sheath that forms around the grounded probe (the sheath thickness ranges from ∼0.5 to 5 mm in LEIA) and the etendue of the collection optics (proportional to the solid angle encompassed by the collection optics) is still large enough (∼π /16 sr) for reasonable signal to noise. The numerical aperture of the focusing lens was chosen to match the numerical aperture of the 200 µm core, fused silica, collection fiber (NA = 0.22). Between the focusing lens and the collection fiber, a series of light baffles (shown in figure 3(b) ) prevent off-axis rays from passing through the lenses and into the collection fiber. The collected light passes through a Dell Optics 1 nm band pass interference filter (centered around 461 nm) at normal incidence and is coupled directly into a Hamamatsu HC124-06 photomultiplier (PMT) with an integrated 20 kHz bandwidth pre-amplifier mounted on the atmospheric pressure side of a vacuum window at the end of the probe shaft. The PMT signal is composed of fluorescence radiation, electron impact induced radiation and electronic noise. A Stanford Research SR 830 lockin amplifier, referenced to the modulation signal from the chopper, is used to isolate the LIF signal from background emission at the fluorescence wavelength. For this experimental arrangement, signal-to-noise levels greater than 50 : 1 are typically achieved [45] . figure 4 (c) has a slope of 1.52 GHz kG −1 , very close to the predicted theoretical value of 1.48 GHz kG −1 [46] . Because the magnetic field strength at the measurement location for these experiments is less than 180 G, the Zeeman splitting of the σ ± ( M = ±1) and the π . ( M = 0) transitions results in a broadening of only ≈0.21 GHz, much smaller than the Doppler broadening and therefore is ignorable for calculations of ion temperature and flow velocity. Stark broadening, power broadening, instrumental broadening and the natural linewidth of the absorption line are also ignorable with respect to Doppler broadening, so the ion temperature is obtained from the FWHM of the distribution according to equation (2) and/or equation (6) . Including the uncertainties introduced by ignoring Zeeman splitting, we estimate the experimental uncertainty in the ion temperature determination to be less than 0.05 eV. The drift velocity of the ions along the laser path is determined from the shift of the LIF peak relative to the iodine spectrum. Since our IVDF has a bimodal structure with peak separations as large as ∼12 GHz, the laser is typically scanned over 20 GHz. The IVDFs obtained for the other injection angles reveal a bimodal structure comprising a slow ion population and a fast ion population whose drift velocity increases with the injection angle, reaching a maximum of ∼ − 6.6 km s −1 for β = 90
Analysis of ion distribution function measurements
One-dimensional measurements
• ( figure 5( g) ). Note that the laser light was injected towards the plasma source, so the negative ion flow velocity values are consistent with ion flow from HELIX into LEIA. The ion speeds shown in figures 5(a)-( g) are uncorrected for the projection of the laser along the z-axis, α = 52
• according to measurements of the probe position. The correction for projection along the z-axis was confirmed by injecting the laser along the z-axis from the far end of HELIX (injection point P 2 in figure 2 ) and measuring the drift velocity of the fast ion distribution (as shown in figure 6 ). The 'passive' measurement of the parallel speed of the fast ion population agrees to within 5% of the oblique measurement after correction for projection angle. In figure 6(b) , the positive frequency shift of the fast peak in the IVDF is again consistent with ion flow from the source into LEIA. The details of the reference iodine spectrum [47] are corroborated in figure 6(c) with a comparison with the experimentally obtained iodine spectra. The frequency shift between the closest significant iodine line and the rest frame Ar II absorption line is 1.08 GHz.
Although the slow ion population is well fit with a single Gaussian distribution in figure 5(c)-(g) , the fast population has a long tail towards slower speeds. Since the projection of a Gaussian IVDF along a measurement direction remains a Gaussian function, as demonstrated by the Gaussian-like slow population distribution measurement, the long tail of straggling fast ions is not simply a projection artifact. Assuming that the slow ions are a background population created locally and the fast ions are created in the source and then accelerated by the EDL into the diffusion chamber, the long tail of the fast ion population is consistent with the slowing down of fast ions by elastic scattering and/or charge-exchange collisions with the background gas. Fast ion transport studies suggest that Coulomb drag by thermal electrons may also play an important role in the complex process of beam ion deceleration [47] (full line); the arrow indicates the rest frame position of the 611.6616 nm Ar II line. [48, 49] . We note that similar asymmetrically distorted IVDFs, i.e. only half of the VDF is well fit by a Gaussian function, were reported by a number of research groups during LIF observations of argon ions accelerated in the electrostatic sheath and presheath [28, [50] [51] [52] [53] . To within the experimental error, the integrated LIF signals corresponding to figures 5(a) and (b) are equal to the sum of the integrated intensity peaks in figures 5(c)-( g). Therefore, it is reasonable to conclude that the IVDFs shown in figures 5(a) and (b) are two independent distributions that simply overlap in radial velocity space.
As shown in appendix B, the axial (v z ) and radial (v r ) velocities for the independent components of a bimodal distribution can be found in the general case of v z = v r =0 by requiring ψ(v r , v z ) = sin β m , for the measured IVDF and known injection angle, β m . Shown in figure 5(h) are the predicted values for ψ(v r , v z ) for the fast ion population. A slight departure from the ideal sinusoidal dependence evident near β = 0
• and β = 180
• is most likely due to imprecise determination of individual values (slow and fast) of v αβ at these injection angles due to overlap of the two distributions. We also find a small angular shift (∼1
• ) between ψ and sin β m caused by a slight imperfection in the angular alignment of the probe. We estimate the total uncertainty in the velocity components (including the uncertainties in fits to the IVDFs and in the absolute iodine spectral lines) to be 150 m s −1 . The best fit axial and radial velocity components for the fast ion group population are v z = 10.8 km s −1 and v r = 80 m s −1 , respectively. For the slow ion population, the best fit values for v z and v r are both smaller than the flow velocity uncertainty. We note that while measuring the IVDF of a Kauffman source ion beam with LIF, McWilliams and Edrich [54] also obtained a large LIF signal from a background population of stationary ions that overwhelmed the LIF signal from an ion beam population. As in these experiments, for perpendicular injection of the laser, only a single IVDF was observed. They concluded that in their experiment, the slow ion population was created by ion-neutral collisions between the ion beam and background neutrals.
For the simpler case of a unimodal distribution, the bulk radial velocity is determined directly by injecting the laser along the x or the y direction. Then, with additional laser injection in a plane containing the direction of flow, (yz) for instance, v z can be found by inverting the velocity projection equation
For v z v r ∼ = 0 (typically observed in our experiment for both the slow and the fast ion populations) and except for the case of α ∼ = 90
• , when the injection angle coincides with the y direction, the axial velocity becomes
For the data shown in figure 4(g) , the approximate analysis of equation (12) yields v z ∼ = 10.7 km s −1 ; a difference of less than 1% value obtained with the more complete analysis.
Since the fast population is not well fit by a simple Gaussian function, the parallel (axial) and perpendicular (radial) ion temperatures are not easily obtained from fits to the measurements. Best fit curves to the IVDFs, as shown in figures 4(c)-(g), are based on the LogNormal function provided in the OriginLab ® fitting functions database. Although a FWHM for such a distribution can be defined, it is not directly related to the thermodynamic temperature of the population. Taking the Gaussian-like left half of the distribution and mirroring it around the average speed of the fast population gives an α direction temperature of the fast ion group of ∼0.5 eV. From deconvolution of the 0
• and 180
• IVDFs, the radial temperature is ∼0.24 eV. Then, by equation (6) , the axial temperature is ∼0.11 eV and therefore the fast ion population is thermally anisotropic. From Maxwellian distribution fits to the slow ion population, the slow ion axial ion temperature is ∼0.22 eV and the radial ion temperature is ∼0.18 eV. Since the difference is within the experimental uncertainty, the slow population ion temperatures are consistent with an isotropic slow ion population.
2D LIF analysis
Because the velocity resolution in a reconstructed 2D IVDF is inversely proportional to the number of laser injection directions δV /V = π /2I [28] (with δV the minimum resolvable feature size and V the velocity range), too few laser injection directions yield an unreliable reconstruction (see figure 7(a) ).
However, too many laser injection directions require an unreasonably long measurement time. Yielding ∼10% resolution, 18 injection angles are sufficient for our experimental conditions. For a laser scan rate of 0.3-0.5 GHz s −1 for a 20 GHz range and averaging over 2-5 scans to improve the signal to noise of each 1D measurement, the total time to collect 18 1D IVDFs ranges from 30 to 90 min. During this interval, the plasma conditions and laser stability must be maintained. As shown in figure 7(b) , an uncorrected laser frequency drift of less than 0.3 GHz during only four The LIF signal is normalized to the slow group LIF intensity. The negative value for the fast group axial velocity is because the ions are flowing out of the source towards the direction from which the laser is injected.
of the 1D IVDFs can compromise the entire reconstruction process and introduce 'ghost' features. Notwithstanding the technical difficulties, LIF tomography does reveal subtle IVDF features that cannot be identified in 1D IVDF measurements.
Shown in figure 8 is a complete 2D IVDF obtained from the full set of 1D IVDFs presented in figure 5 . The probe was rotated in 5
• increments, i.e. 36 injection directions, over π radians. For each injection direction, the 1D IVDF was obtained from an average of four individual measurements. Although fairly smooth, the background of the 2D IVDF image shows some evidence of artifacts resulting from the filtered back-projection process (the small hills and valleys in the surface plot of figure 8 ). The artifact amplitudes are less than 10% of the height of the primary peak. To improve the accuracy of the reconstruction, each 1D IVDF measurement was adjusted for laser drift before processing with the back-projection algorithm. Consistent with the 1D measurements, the tomographic images indicate a bimodal distribution consisting of a nearly stationary background ion population and a fast ion population (velocities along the α direction of ∼ − 110 m s −1 and ∼ − 6.6 km s −1 , respectively). After corrections using equation (12) , the axial velocities are determined to be ∼180 m s −1 for the bulk population and 10.7 km s −1 for the fast population. From the integrated velocity space volumes, we estimate the relative fast to bulk population ratio to be 1 : 3. As noted previously, the fast ion population is a clear signature of an EDL upstream of the measurement location.
Subtle features of the IVDF are more easily identified in the magnified tomographic images of the slow and fast populations shown in figure 9 . Each plot in figure 9 is a 300 point × 300 point section of the original 800 point × 800 point image. To the limit of the reconstruction process, the slow group IVDF is isotropic with a ratio of the FWHMs in the radial and α directions ( v r / v α ) FWHM of 0.93. Based on equation (6) , the radial and axial ion temperatures are 0.13 eV and 0.18 eV, respectively.
Consistent with the previous 1D measurement analysis, the fast population IVDF is decidedly not isotropic. The IVDF has a triangular shape with 'tails' aligned along directions roughly midway between the radial and α directions. The shapes of the slow and fast 2D IVDFs are consistent with different origin locations for the two ion populations: the slow group is a locally created background population whereas the fast population is created in the source, undergoes acceleration through the potential drop of the EDL and has its IVDF broadened by collisions experienced during the transit to the measurement location. The symmetrical stretching towards lower absolute speeds, indicated by the dashed white lines in figure 9 , is inconsistent with upstream perpendicular heating followed by an adiabatic upwelling, the mechanism responsible for the 'ion conics' observed in auroral EDLs and in laboratory experiments [55] [56] [57] . Not only is the α direction not equivalent to the magnetic field direction but also the orientation of the conic shape of the 2D IVDF is opposite to what would be expected for a conversion of the upstream perpendicular energy into downstream parallel energy based on magnetic moment conservation in the expansion region. In typical ion conic formation, ions with large perpendicular energy in regions of stronger magnetic field strengths appear as ions with larger parallel energy in regions of weaker magnetic field strength. Therefore, the tip of the cone should point toward smaller absolute speeds. However, in these measurements, the ions with the largest radial velocities also have the slowest velocities along the α direction. This stretching towards lower speeds along the α direction could indicate increased collisional drag for the higher speed ions, increased pitch-angle scattering or the action of some other ion acceleration mechanism [58] .
The bulk radial velocities obtained from the tomographic analysis are approximately −450 m s −1 and +150 m s −1 for the slow and fast populations, respectively. This small but statistically significant difference could indicate a slight misalignment of the axes of the HELIX and LEIA systems or a bend in the probe shaft relative to the chamber axis that was not detected in the 1D IVDF measurements.
An important difference between these measurements and 2D LIF tomographs of an ion beam obtained in an electrostatic presheath [28] is that in these measurements, only a faint tail of ions is seen extending from the beam velocity to slower speeds. In the presheath measurements, a continuous population of ions extending from the highest velocity of ∼6 km s −1 all the way down to zero velocity was observed (see figures 2(d) and (e) in [28] ). Since LIF detects ions in the 3d 2 G 9/2 metastable state, only a small fraction of the fast ion population travelling from HELIX into LEIA is detectable by LIF. Given a quenching cross-section for collisions of the 3d 2 G 9/2 state with ground state neutral Ar of 1 × 10 −14 cm 2 [59] , the quenching mean free path (mfp) is 17 cm; less than half of the chargeexchange mfp of 36 cm assuming σ CX = 4.7 × 10 −15 cm 2 for the measured ion energies [60] . Thus, an ion in the metastable state will be depopulated by quenching long before significant velocity changes result from charge-exchange collisions. That metastable quenching dominates over charge-exchange losses was demonstrated by two tomographs obtained under identical plasma conditions but at two axial locations separated by 9 cm. There was no significant change in the axial velocity of the fast population, but there was a factor of 1.5 decrease in LIF intensity. Thus, the principal difference between these measurements and those reported in [28] is that in this case, metastable quenching prevents the slowed ions from being detected by LIF after traveling from the upstream acceleration region.
Conclusions
One-dimensional LIF investigations at oblique incidence relative to the ion flow direction can provide a comphrensive picture of the IVDF in an argon plasma. Even in the case of a bimodal distribution, the radial and axial velocities of both populations of ions can be determined. For Maxwellian distributions, the radial and axial ion temperatures can also be determined. The LIF measurements are consistent with a locally generated, nearly stationary, background ion population and fast population created at an EDL upstream of the measurement location. Tomographic LIF measurements, also at oblique incidence, demonstrate the significant anistropy of the fast ion population, confirm that metastable quenching is the dominant mechanism for reducing the LIF signal amplitude of the fast ion population in expanding helicon plasmas and may provide evidence of pitch-angle scattering for the most energetic ions. for ζ and ρ.
